We had developed novel titanium (Ti) foam sheet with original slurry foaming method. The products had an average pore size under 500 µm in diameter, volumetric porosities over 80%, and chemical composition corresponding to grade 4 in ISO 5832-2; Implants for surgery ® Metallic materials. The Ti foam had the tensile strength of 9 to 20 MPa similar to cancellous bone strength and anisotropic characteristics. Considering the application of our Ti foam for surface modification of hip or knee prostheses, we prepared Ti foam sheet joined with CP Ti, Ti 6Al4V, or Zr2.5Nb plate to evaluate the effect of joined solid metals on cell proliferation and corrosion resistance. Plate materials did not show any significant difference on cell proliferation test but affected the anode corrosion rates. Our novel Ti foam exhibited high applicability to the surface modification not only of Ti but also of Ti6Al4V and Zr2.5Nb orthopedic implants.
Introduction
Titanium (Ti) and its alloys have been used in the field of orthopedic implants with dense foams. It is generally accepted that the surface morphology of implants is one of the important factors determining the long-term implant stability. Traditionally, sintered beads, fiber metal mesh, and plasma spray have been used to fabricate the porous layers on the implant surface. 1, 2) However available pore structures are limited; relatively low volumetric porosity, non-uniform pore sizes and poor interconnectivity, which are inappropriate to achieve quick and stable fixation by bone ingrowth. 3) Recently, several new porous metals have been introduced to improve traditional coatings in orthopedics. 4) In summary, the porous Ti coating was processed by low temperature arc vapor deposition on the polymer foam which has pore diameter in 550690 µm and volumetric porosity of 60%. The porous Ti coating was produced by porous plasma spray technology with pore diameter of 100600 µm and volumetric porosity of 67%. Porous tantalum surface layer was processed by chemical vapor infiltration process on the vitreous carbon skeleton which enables to have pore diameter of 550 µm and volumetric porosity of 7585%. 5, 6) However, above processes had the difficulty to produce fine pores under 500 µm in diameter with high volumetric porosity over 70%. Optimum pore size for promoting bone ingrowths has been studied in the range of 100500 µm, though it has not reached a consensus. 7, 8) For the application as porous surface layer on the implant surface, active research and developments of porous Ti and its alloys have been continued. 811) Typical methods are rapid prototyping processes, 1214) space holder methods, 1518) and polymeric sponge replication method. 19) However, they had some drawbacks. Rapid prototyping methods were costly, space holder methods had difficulty to control uniform wall thickness and pore size, and polymeric sponge method raised the carbon content in the metal.
11)
To overcome the limits and drawbacks mentioned above, we had developed novel Ti foam which had interconnected fine pores, high volumetric porosity, adequate chemical compositions, and cost saving manufacturing process. Our Ti foam has a sheet shape and can be cold worked like a sheet metal, by means of rolling, shearing, and bending. 20) Supposing the application of porous layer on implant surface, we bonded Ti foam with Ti, Ti6Al4V, or Zr2.5Nb plate by sintering process to evaluate the effect of bonded metals on cell proliferation and corrosion resistance. This paper reports the above data and mechanical properties of novel Ti foam for the application of surface modification of orthopedic implants.
Materials and Methods

Ti foam manufacturing process and characteristics
Our Ti foam has been produced by our original method which was called slurry foaming method illustrated in Fig. 1 .
21) The slurry was prepared containing Ti powder with 20 µm in a mean diameter, binder, foaming agent, and water. It was coated on the carrier sheet and was moved to the foaming moisture chamber and drying chamber where foaming agent in the slurry evaporated. Foamed green sheets were heated for debinding and sintered in vacuum heat treating furnace. Our Ti foam has been used in practice for new electrochemical applications. For the medical use, we improved the chemical composition of the Ti foam whose analyzed data satisfied the grade 4 requirements of ISO 5832-2; Implants for surgery ® Metallic materials ® Part 2 unalloyed titanium, though the carbon content is at the upper limit (see Table 1 ). The photograph in Fig. 2 is an overview of our Ti foam from the upper side. Our Ti foam has a sheet shape and the prescribed porosity and pore diameter. We selected the porosities over 80% considering the application to the implant surface for press-fitting. The porosity of the foam was measured and calculated by the following formula;
here P is the porosity of foam, D 1 is the apparent density, and D 0 is the density of Ti. We could control the pore diameter from 50 to 500 µm. In this work, we evaluated the characteristics for 3 sizes in diameters of 180, 320, and 500 µm by cell proliferation assay.
For the application of surface modification onto hip or knee prostheses for press-fitting, Ti foam with pore diameter of 180 µm was joined with each of Ti, Ti6Al4V, and Zr 2.5Nb plates as shown in Fig. 3 .
Cell proliferation assay
In the present study, human osteosacroma SaOS-2 cells were used for in-vitro biocompatibility tests of our Ti foam considering its hard tissue application. Pore diameters and porosities used for the cell proliferation assay are shown in Table 2 , and the photographs of the sample No. 1 in Table 2 are shown in Fig. 2 In general, cytocompatibility tests are performed with the test piece placed onto the bottom of the culture dish or the well of microplates, therefore, their results include the cells growing on the bottom of the culture dish not covered by the test piece. In the case that the specimen is a porous material, the cells attach and grow onto the culture dish or well can penetrate into the porous material during the incubation period. This kind of "indirect" growth interferes to examine accurate effect of the porous material on cell growth. To avoid this kind of interference, a silicone holder, shown in Fig. 4 , is used to set the Ti foam perpendicular to the bottom of the well while the bottom side of the foam did not attach to the well in order to avoid cell penetration into the foam from the bottom of the well. A test piece of the Ti foam set vertically into a silicone holder was sterilized by autoclaving at 120°C for 30 min. The test piece and the holder were placed into the bottom of a 12-well microplate without plasma treatment (BD Falcon, 351143). As a blank, a silicone holder without a test piece was sterilized by autoclaving and set into the bottom of the well. SaOS-2 was seeded into each well at the concentration of 1.875 © 10 5 cells in 2.8 mL of the culture medium; Dulbecco's modified minimum essential medium supplemented with 10 vol% fetal bovine serum (D-MEM+FBS). The cells were cultured at 37°C in 5% CO 2 in air in the humidified incubator for 1, 4, and 7 d while the microplate was rotated on a microplate mixer at 300 rpm for 6 h per day to make it sure that the culture medium was delivered into the foam in the holder. Culture medium was replenished every other day.
The relative cell viability in each well was evaluated by WST-1 assay. Briefly, after a certain period of incubation, the set of the test piece and holder was rinsed with Dulbecco's phosphate buffered saline [PBS(¹)]. Then, it was located into a new well of the 12-well microplate containing 2.5 mL of the fresh medium without phenol red and 280 µL of 1 mM WST-1 and 0.2 mM 1-methoxy-5-methylphenazinium methylsulfate (1-methoxy PMS) in PBS(¹). As a blank, a silicone holder without test piece was rinsed and placed into a new well in the same manner. Then, the microplate was rotated for 10 min in the CO 2 -incubator, followed by 4 h of incubation. After this secondary incubation, a 200 µL portion of the supernatant was collected into the wells of the 96-well microplate in triplicate to measure the absorbance at 450 nm by a microplate spectrophotometer (Thermo Scientific, Multiskan FC). The relative cell viability (RCV) was calculated as follows;
where the A sample and A blank indicate each absorbance of the sample well and blank well, respectively. The experiment was repeated three times.
To clarify the effect of the bonded base materials on cell growth, cell proliteration assay was performed for the joined samples of the No. 1 foam in Table 1 with CP Ti, Ti6Al4V, or Zr2.5Nb. Figure 3 illustrated the joined sample and its dimension. Cell proliferation assay of these samples were performed in the similar manner with the case of Ti foam test piece only except followings; the amount of D-MEM+FBS used for the first incubation as 4 mL, that of D-MEM+FBS without phenol red as 3.6 mL, and that of the mixture of WST-1 and 1-methoxy PMS as 400 µL because of the different size of the test pieces and the holder.
Anode corrosion tests of Ti foam joined with Ti, Ti
6Al4V, Zr2.5Nb plates For the application as surface modification of orthopedic implants, Ti foam can be used as joined onto the CP Ti, Ti 6Al4V, and Zr2.5Nb. As ISO 10993-15 requires the anode polarization test, we verify the effect of the base metals on the corrosion behaviors following this standard (ISO 10993-15; Biological evaluation of medical devices ® part 15: Identification and qualification of degradation products from metals and alloys). Test equipment is illustrated in Fig. 5 and test samples are same as in Fig. 3 . The potentiodynamic polarization was performed in a 0.9 mass% NaCl solution at 310 K with nitrogen gas bubbling bath. Its sweep rate was 1 mV/s. The reference electrode is Ag/AgCl and the counter electrode is a carbon rod.
Tensile and compression test procedures of Ti foam 2.4.1 Tensile test condition
Tensile test is conducted in order to examine the stacking direction effects on tensile properties. The parallel direction to the Ti foam surface of a single sheet is designated as x and the perpendicular direction to the one is designated as y in Fig. 6(b) . For this aim, we prepared 3 types of 3 samples (No. 4, No. 5, and No. 6) shown in Fig. 6 . The specification of the samples is listed in Table 3 . The porosities of stacked samples (No. 5 and No. 6) were slightly lower than those of non-stacked samples (No. 1 to No. 4) because of the stacking sintering process. Both ends of the tensile samples were glued to aluminum tabs with an epoxy-glue, as deformation of cells at the gage-adhered parts and due to its narrow covered area which gives, more or less, only local information. The usual extensometer was also not suitable due to its weight that can cause bending of samples. In the measurement of the sample strain with a non-contact extensometer, two markers made of paper were pasted on the samples, whose spacing was 20 mm, as shown in Fig. 7(a) . The displacement of the markers was recorded with a laser CCD camera (DVW-200 Shimadzu), as shown in Fig. 7(b) . In the measurements of stressstrain curves of the foams for estimating Young's modulus, loadingunloading-reloading process 2224) was used; the samples were loaded up to 0.30.4% strain, unloaded by 0.15% strain, and then, reloaded to 0.60.8% strain. Young's modulus was estimated from the slope of the stressstrain relation at an elastic deformation range in the unloading-reloading process.
Compression test condition
Compression test was carried out at room temperature with a tensile and compression testing machine (TG-20kN, Minebea Corp). The test was conducted according to JIS H 7902; Method for compression test of porous metals. The dimensions of compression test samples were listed in Tables 4 and 3 test pieces were prepared for each test. The parallel direction to the Ti foam surface is designated as x and the perpendicular direction to the Ti foam surface is designated as y in Fig. 8 . We also evaluate the effect of the stacking direction illustrated in Fig. 8 on the compression properties. The sample specification was shown in Table 4 . The test was conducted at a constant crosshead speed of 0.5 mm/min. The strain measurement was carried out with two contact digital displacement sensor (AT-010 Keyence Corp.), with which the displacement of the sandwich board was measured accurately. Ti foam and Ti foam joind with Ti, Ti6Al4V, and Zr2.5Nb plates Although our novel Ti foams have chemical composition corresponding to ISO 5832 grade 4, biocompatibility evaluation is important since porous materials have much higher surface area than that of solid materials. In order to examine the effect of the increase in surface area on biocompatibility, cytocompatibility test is often performed because it is one of the easy, effective, and efficient methods to evaluate materials biocompatibility. Chen et al. reported the steady growth of human osteosarcoma (HOS) cells up to 9 days onto particulate porous Ti6Al4V with pore diameter of 100, 130, and 150 µm and the porosity of 46, 44, and 41%, respectively. 25) They also reported slightly better cell growth on the porous Ti6Al4V with 150 µm pores followed by that of 130 µm after 5 and 9 days of incubation. 25) Ryan et al. reported the steady growth of SaOS-2 cells on cylindrical porous Ti with mean pore size of 465 µm and the porosity of 45.1%.
Results and Discussion
Cell proliferation into
13) The steady growth of human fetal osteoblast cell line (hFOB) and human fetal osteoblastic precursor cell line (OPC1) on porous Ti with lower porosity (27%, pore size of 450 µm, <100 µm, respectively) was also reported. 26, 27) Generally, cytocompatibility test of a material is performed by seeding cells on the test piece which is placed on the bottom of the culture vessel such as a microplate well. In the case of porous materials, however, cells can grow on the bottom surface of the culture vessel which is not covered by the test piece, and also can penetrate into the porous materials during incubation. These kinds of cell growth make it difficult to evaluate the "genuine" effect of the porous materials. If the ratio of uncovered culture vessel surface to the porous material surface is relatively high, in the other words, if the porosity and pore-interconnectivity of the porous material is relatively high, these kinds of "indirect" cell growth is not negligible. Nevertheless, almost all cytocompatibility tests of porous materials were performed in this manner and reported the results including cells on uncovered cultural vessel surface.
In the present study, we use a silicon holder shown in Fig. 4 to avoid these kinds of interference from cell growth not based on the porous materials, since our Ti foam has relatively high porosity around 85%. Three kinds of Ti foams in Table 1 were prepared and evaluated to investigate the effect of pore diameter. For the pore sizes 180 and 320 µm, cell proliferation tended to increase with longer incubation period shown in Figs. 9 and 10 . In case of 500 µm pore diameter, the tendency was not clear. This could be attributed to two reasons; the effect of the inhomogeneity of pore size and distribution in the test piece, and the saturation of cell growth at Ti foam surface. The cell growth tends to be slightly better on the Ti foam with larger pores. These obtained results correspond well to those of the conventional methods mentioned above. Based on in-vivo studies, the minimum pore size for good bone ingrowth is considered to be around 100 µm for cellular migration and body fluid transportation. 28) Moreover, pore sizes over 300 µm are recommended for direct bone formation (not via cartilage formation) as well as capillary formation. 28) In the present study, we set up the test piece in vertical position and also stirred cultural medium for 6 h to encourage its delivery to inside the pores. This experimental condition is somewhat simulating actual in-vivo condition, and therefore, a larger pore structure is somewhat advantageous for the supply of oxygen and nutrition comparing to a smaller pore structure. Therefore, in this study, it resulted in the better cell growth on the Ti foam with larger pores. It is also confirmed by the good cell growth for all kinds of Ti foam that our Ti foam has good biocompatibility in spite of its large surface area comparing to solid materials. One of the main applications of the porous metals is surface modification of joint prosthesis for press-fitting. For this purpose, it is ideal to use the same material as the base material, however, it is not all the cases for commercially available prostheses. For example, Ti porous layer is prepared on the Ti6Al4V stem for the hip prostheses, and on the CoCr femoral part for knee prostheses. The contact of different kinds of metals inside the human body may cause galvanic corrosion, which increases metal ion release and causes adverse reaction from surrounding tissue. To examine the effect of contacting to different metals on biocompatibility, cytocompatibility test is one of the effective evaluation methods. However, in-vitro biocompatibility evaluation of porous metals is only performed for itself, not with joining to different metals. In the present study, we prepared Ti foams joined with Ti, Ti6Al4V, and Zr2.5Nb, and performed cytocompatibility test in the same manner with that for Ti foam, and shown in Fig. 11 . Cell proliferation tended to increase with longer incubation period and had no difference between the bonded base materials. It suggested the possibilities of the application of Ti foam with the combination of Ti6AI4V and Zr2.5Nb base materials.
Potentiodynamic polarization tests of Ti foam joined
with Ti, Ti6Al4V, and Zr2.5Nb plates Polarization curves of Ti and Ti6Al4V plates bonded with Ti foam exhibited the same tendency; the current of each joined sample is higher than that of the corresponding plate (see Fig. 12 ) however it is low enough. The reason of the higher current was brought by the larger surface area of Ti foam and the current density of each joined sample was lower than that of the corresponding plate. These polarization curves of Ti foam and Ti plate are approximately same with the other report. 29) In this corrosion test condition, Zr2.5Nb alloy did not show stable current curve because of the existence of chloride ion in 0.9% NaCl. After the test, microscopy of the bonding interface in Fig. 13 showed no irregular corrosion. These low corrosion curves supported the application of Ti foam with the combination of Ti6Al4V and Zr2.5Nb base materials.
Tensile and compression test results of Ti foam
Tensile and compression test results are listed in Tables 5  and 6 , and typical stress strain curves are shown in Figs. 14 to 17. It is emphasized that the Young's modulus and strength of Ti foam are comparable with those of the cancellous bone. The Young's moduli and strength of cancellous bone are approximately 0.23 GPa and 330 MPa. 30) Most of mechanical tests of Ti foam with high porosity have been done by compression test. Therefore, we compared the compression properties of the present samples with those of the samples made by other production methods in Table 7 . Ti foam produced by slurry foaming method has comparable compression properties with that produced by other methods. In compression tests, the test samples deform and consolidate according to the increase of the stress as shown in Fig. 16 . All of them did not break up.
Young's modulus of a single sheet No. 7 is lower than that of No. 4. It suggests anisotropic characteristic; Young's modulus of y-direction is lower than that of x-direction in Fig. 8 . We supposed that it was brought by the structure of our Ti foam. In Fig. 2(b) , the surface columns had webs which were typical in the surface plane. In Fig. 18 , the webs Ti foam resin Zr-2.5Nb plate 100μm Nominal stress,
Nominal strain, ε /% of the stacking interfaces are also observed. This surface structure might cause anisotropic characteristic of the single sheet in our tests. Young's modulus of No. 5 was nearly the same as that of No. 4, as has been calculated by simulating the same porosity. 31) As for the higher fracture strain of No. 5 in comparison with No. 6, we set up a hypothesis that the stacking surfaces play a role to suppress the successive failure. By the fracture surface observation of No. 6, it was confirmed that the fractures do not occur at the interface.
Our Ti foam had cancellous bone strength with fine uniform pores and volumetric porosity of 8084% which brought good cell proliferation. Our Ti foam also exhibited good cell proliferation and corrosion results in bonded condition with Ti, Ti6Al4V, and Zr2.5Nb plates. These facts suggest that our Ti foam is suitable to apply surface modification of orthopedic implants. From the production point of view, our Ti foam can be produced by actual production line and can be cold worked like sheet materials. This gives us a great advantage on its cost and production efficiency. Therefore it may bring the innovation in orthopedic implant mass production.
Conclusions
We had developed novel Ti foam sheet which had fine pore, high porosities with chemical compositions satisfying grade 4 of ISO 5832. In-vitro cell proliferation was evaluated and showed successive cell growth. Mechanical properties were comparable with the human cancellous bone and showed anisotropic characteristics similar to human bone due to its bonding direction. Considering the application to surface modification of orthopedic implants, Ti foam bonded with solid metals were prepared and evaluated its cytocompatibility and corrosion property. They exhibited good cell proliferation and corrosion resistance in anode polarization test, suggesting its high potential as biomaterials for orthopedic application. 
